The autofluorescent lipofuscin that accumulates in retinal pigment epithelial cells with age may contribute to an age-related decline in cell function. The major lipofuscin fluorophore, A2E, is a pyridinium bisretinoid. We previously proposed that the biogenesis of A2E involves the following: (i) formation of the Schiff base, N-retinylidene phosphatidylethanolamine from alltrans-retinal and phosphatidylethanolamine in the photoreceptor outer segment membrane; (ii) further reaction of N-retinylidene phosphatidylethanolamine with retinal to yield phosphatidylethanolamine-bisretinoid, A2-PE; (iii) hydrolysis of A2-PE to generate A2E. To provide evidence for this biogenic scheme, all-trans-retinal was reacted with dipalmitoyl-L-␣-phosphatidylethanolamine to yield DP-A2-PE (A2-PE), as confirmed by UV, with mass spectrometry revealing the molecular ion at m/z 1222.9 (C 77 H 124 O 8 PN) accompanied by product ion at m/z 672.8, representing the phosphoryl-A2E fragment of A2-PE. In reaction mixtures of retinal and outer segments and in samples of Royal College of Surgeons rat retina containing outer segment membranous debris, A2-PE was detected as a series of high performance liquid chromatography peaks, each with UV similar to reference A2-PE. By mass spectrometry, A2-PE consisted of multiple peaks, representing fatty acids with different chain lengths, and the phosphoryl-A2E moiety, m/z 673. Incubation of the retinal/outer segment reaction mixture with phospholipase D generated A2E, as detected by high performance liquid chromatography, thus confirming A2-PE as the A2E precursor.
The lipofuscin that accumulates in retinal pigmented epithelial (RPE) 1 cells with age and in some retinal disorders is a complex mixture of fluorophores, some elements of which are derived from molecular components of the photoreceptor cell membrane. These membrane elements become deposited in the RPE cell as a result of the latter's role in phagocytosing packets of outer segment membrane that are shed by the photoreceptor cell during the daily process of membrane renewal. It is now known that a major hydrophobic constituent of RPE lipofuscin is the fluorophore, A2E (1), a pyridinium bisretinoid (2, 3) . A2E has been quantified in human donor eyes, and a photoisomer of A2E, iso-A2E, has been characterized (4) . For many years, the impact of lipofuscin accumulation on the RPE cell has been poorly understood. Recently, however, we have demonstrated that when A2E is accumulated to critical concentrations by cultured RPE, it can manifest detergent-like activity (5) and can serve as an initiator of blue light-induced cellular damage (6) . A2E is generated from all-trans-retinal and ethanolamine, the former being released from photoactivated rhodopsin, and the latter being the head group of phosphatidylethanolamine (PE), an abundant membrane phospholipid (1) (2) (3) . Nevertheless, the mechanism of production of A2E has not been demonstrated. Similarly, the site of its formation, whether within phagolysosomal compartments of the RPE cell (7, 8) or within the photoreceptor outer segment membrane before phagocytosis, remains unknown. We have previously proposed that the biogenesis of A2E is initiated by the formation of a Schiff base between all-trans-retinal and PE to create a PE-all-trans-retinal Schiff base adduct (4) . It was further speculated that the latter adduct would subsequently form a second Schiff base with an additional molecule of all-trans-retinal to generate a phosphatidylethanolamine-bisretinoid adduct, which would undergo hydrolysis to release A2E (Fig. 1) . Interestingly, several years ago, a PE-all-trans-retinal Schiff base adduct (Nretinylidene-PE; NRPE) was identified in isolated bovine outer segments (ROS) (9, 10) . More recently, it has been reported that this adduct may be the substrate transported by ABCR (11) , the rod photoreceptor-specific ATP-binding cassette transporter responsible for juvenile macular degeneration (Stargardt's disease) (12) .
Evidence of a fluorophore being generated from reactions between phosphatidylethanolamine and all-trans-retinal was provided by Katz and co-workers (13) who observed that incubating all-trans-retinal with isolated rod outer segments (ROS) resulted in the production of an orange-colored pigment with spectral and chromatographic properties similar to the product generated when retinal was reacted with synthetic liposomes containing PE. Nevertheless, the structure of this orange-colored fluorophore remained unknown.
Here we report that reactions between all-trans-retinal and phosphatidylethanolamine generate both a PE-all-trans-retinal Schiff base adduct, NRPE, and a phosphatidylpyridinium bisretinoid, A2-PE. The structure of A2-PE, together with that of NRPE, has been fully corroborated by electrospray ionization (ESI) and fast atom bombardment tandem mass spectrometry with collision-induced dissociation analysis (FAB-CID MS/MS). We provide evidence that A2-PE forms within the photoreceptor outer segment membrane and is a precursor of A2E, the latter fluorophore being subsequently generated by phosphate hydrolysis of A2-PE. These findings are critical in terms of our understanding of blinding retinal disorders characterized by an abnormal accumulation of RPE lipofuscin.
EXPERIMENTAL PROCEDURES
Materials-Reagents used are as follows: OPTIMA grade chloroform and methanol (Fisher); HPLC grade acetonitrile, trifluoroacetic acid, dipalmitoyl-L-␣-phosphatidylethanolamine (DP-PE) (P-0890), and phospholipase D (PLD) from Streptomyces chromofuscus (P-8023) (Sigma); L-␣-phosphatidylethanolamine from egg yolk (egg-PE) (830021, fatty acids content: 16:0 -16.5, 18:0 -24.4, 18:1-18.2, 18:2-14.0, 20:4 -15.7, and 20:6 -3.2%) (Avanti Polar Lipids, Inc. Alabaster AL); silica gel 60 and glass-backed RP-C18 (Merck); C-4 column (250 ϫ 4 mm, Vydac, Hesperia CA); C-18 column (150 ϫ 4.6 mm, Cosmosil, Nacalai Tesque, Japan). 3-Nitrobenzyl alcohol was obtained from Aldrich. All-transretinal and A2E were synthesized in the laboratory.
High Performance Liquid Chromatography-Waters 600E HPLC equipped with Waters 996 photodiode array detector (PDA) was used. The isolation and identification of A2-PE was carried out with a C-4 column (250 ϫ 4 mm) and a gradient of acetonitrile and water with 0.1% trifluoroacetic acid (0 -5 min, 85-100% acetonitrile/H 2 O; 5-30 min, 100% acetonitrile; flow rate, 1.5 ml/min and 450 nm monitoring). A2E detection was performed with a reverse phase C-18 column (150 ϫ 4.6 mm) with a methanol/water (containing 0.1% trifluoroacetic acid) gradient solution (methanol percentage, 0 -10 min, 65-90%, 10 -15 min, 90%; 15-17 min, 90 -100%; 17-30 min, 100%; flow rate, 1.5 ml/min and 450 nm monitoring).
Mass Spectrometry (MS)-ESI-MS was performed on a JEOL JMSLCmate (Akishima, Tokyo Japan) equipped with an electrospray ion source and a Hewlett-Packard 1090 HPLC. Samples were introduced into the ion source with flow injection mode (100% acetonitrile, flow rate 100 l/min). ESI spectra measurement conditions were as follows: acceleration voltage 2.5 kV, orifice voltage 1.8 V, ring lens voltage 41.3 V, needle voltage 2.3 kV, and desolvation plate temperature at 200°C. FAB-CID MS/MS was carried out using a JEOL JMS-HX110A/110A tandem MS (Akishima, Tokyo, Japan). FAB spectra were obtained with a xenon beam FAB gun (6 kV) fitted with MS-1 ion source. FAB-CID spectra were measured with 10 kV acceleration voltage (MS-1 and MS-2) on electrically floated collision cell (8 kV). Helium was used as the collision gas with an attenuation of precursor ion intensity to ϳ30%. 3-Nitrobenzyl alcohol was used as matrix. Positive ionization analysis was applied in order to detect the precharged quaternary nitrogen of A2E and A2-PE.
Isolation and Extraction of Tissues-ROS were isolated from bovine eyes as described previously (14) and stored in Tris-HCl (pH 7.4) with 65 nM NaCl, 1 mM of MgCl 2 , 10 mM glucose, and 5 mM taurine (10 7 /ml) at Ϫ70°C. Neural retinas and the RPE monolayer with attached choroid (RPE) were dissected as separate samples from RCS (4 -8 weeks; Genetic Resource Section, NIH) and Harlan Sprague-Dawley (8 -12 weeks; Charles River) rats. The retinas obtained from RCS rat eyes included the layer of degenerating debris positioned at the RPE interface, the latter material being detectable because of its distinctive orange color.
Retinas (ϫ 14) and RPE (ϫ 14) from RCS and normal rats were homogenized in 10 ml of a solution of chloroform and water (v/v ϭ 1:1, containing 0.1% trifluoroacetic acid). The water and interface layers were re-extracted twice. The collected chloroform layers were filtered through silica gel, washed with methanol containing 0.1% trifluoroacetic acid, and dried at room temperature. The residues were dissolved in 100 l of chloroform, and 25-l aliquots of sample were used for HPLC and mass spectrometry analysis without further purification.
Preparation and Isolation of A2-PE from the Reaction of DP-PE and
Retinal (DP-A2-PE)-A mixture of all-trans-retinal (41 mg, 144.3 mM) and DP-PE (50 mg, 72.2 mM) in chloroform (4 ml) was placed in a sealed glass vial and incubated at 37°C for up to 3 days. The reaction mixture was concentrated at room temperature and separated by silica gel column chromatography with chloroform/methanol (v/v ϭ 9:1, containing 0.1% trifluoroacetic acid) to yield 33.2 mg of Schiff base (34.7 mM, 48.1%) and 34.5 mg of A2-PE (28.1 mM, 38.9). Further purification was performed by C-4 (250 ϫ 4 mm) reverse phase HPLC in a gradient of acetonitrile and water with 0.1% trifluoroacetic acid (0 -5 min, 85-100% acetonitrile/H 2 O; 5-30 min, 100% acetonitrile; flow rate, 1.5 ml/min and 450 nm monitoring).
Preparation of A2-PE from the Reaction of Egg-PE and Retinal (Egg-A2-PE)-Egg-PE (5 mg) was reacted with retinal (3.4 mg) in chloroform (1 ml) under the same conditions as for the DP-A2-PE preparation. The solvent was then evaporated at room temperature, and the residue was dissolved in 100 l of chloroform; 10-l aliquots were used for HPLC and 25 l for MS measurements. Approximately 1 l of the latter 25 l volume was placed on the FAB target and used for repeated mass measurement.
Preparation of A2-PE from the Reaction of ROS and Retinal (ROS-A2-PE)-ROS (4 ml)
were mixed with 100 l of all-trans-retinal (25 mM in Me 2 SO) and incubated (pH 7.4) for 3 days. Controls included a sample of ROS (4 ml) that was incubated without retinal and a sample of ROS (4 ml) that was not incubated. All samples were extracted with 5 ml of chloroform and water (v/v ϭ 1:1, containing 0.1% trifluoroacetic acid) following the same procedure as for the extraction of rat eye tissues. Each sample was finally redissolved in 200 l of chloroform, and 10-l aliquots were submitted to HPLC and MS.
Hydrolysis of A2-PE with Phospholipase D-Reference DP-A2-PE (0.1 mg) and egg-A2-PE (0.1 mg) were dissolved in Me 2 SO (50 l) and were then added to 950 l of 40 mM of MOPS buffer (pH 7.2) containing 400 units/ml PLD obtained from S. chromofuscus and 15 mM CaCl 2 . This mixture was incubated for 2.5 h at 37°C (13) . ROS/retinal reaction mixtures were extracted with 2:1 v/v chloroform/methanol, containing 0.1% trifluoroacetic acid, and dried under argon. The crude sample was loaded onto a glass-backed TLC (RP-C18) using a solvent system of methanol/chloroform (75:25) containing 2% trifluoroacetic acid. The sample was developed in parallel with the reference compound (DP-A2-PE), and the A2PE fraction was collected, extracted with chloroform/ methanol (8.5:1:5) containing 0.1% trifluoroacetic acid, and incubated with PLD as described above. A2E was detected on HPLC using a reverse phase C-18 column and confirmed by UV and co-injection with authentic sample.
RESULTS

A2-PE Preparation and
Analysis-When DP-PE was incubated with retinal, only the Schiff base, NRPE, was formed initially, as detected by silica gel TLC (chloroform/methanol 9:1 v/v containing 0.1% trifluoroacetic acid), R f ϭ 0.16, and HPLC, t f ϭ 15.4 min. A few hours later, formation of DP-A2-PE was detected by a TLC band at R f 0.32 and an HPLC peak at t f ϭ 16.7 min. The intensity of the DP-A2-PE HPLC peak continued to increase for 2-3 days. On the other hand, the reaction was greatly retarded when the mixture was kept at room temperature, regardless of whether 1 Eq acetic acid was added to the solution or not; after 2 days A2-PE was still barely observable. The solvent was removed at room temperature to avoid hydrolysis, whereas the preparation, extraction, and isolation of A2-PE were performed under dim light to prevent isomerization.
Identification of Reference DP-NRPE and DP-A2-PE-In the present studies, dipalmitoyl-L-␣-phosphatidylethanolamine was utilized to generate DP-A2-PE as a reference A2-PE; the latter was then employed in the detection of A2-PE formed from more complex PE consisting of a mixture of fatty acids of varying lengths and degrees of unsaturation (Fig. 1) . By TLC, DP-NRPE could be readily distinguished by its characteristic dark red color (UV max 456 nm), whereas DP-A2-PE was detectable because of its orange fluorescence (UV max 456 and 337 nm) (Fig. 2A) . The ESI spectrum of the reaction mixture of DP-PE and all-trans-retinal showed prominent peaks at m/z 692.4, 958.6, and 1222.9, corresponding to protonated molecu-lar ions of the starting material DP-PE (C 37 H 75 O 8 P 1 N 1 ), DP-NRPE (C 57 H 101 O 8 P 1 N 1 ), and the molecular ion of DP-A2-PE, (C 77 H 124 O 8 PN), respectively (Fig. 2B) .
The key structures of the phosphoryl group and corresponding counter part of fatty acid moiety of NRPE and A2-PE were easily assigned from the CID spectra. The CID spectrum of DP-NRPE (Fig. 3A) showed a prominent product ion at m/z 408.2 representing the retinal-originating moiety that should appear at the same mass number, regardless of the composition of the fatty acids. On the other hand, the ion representing the diacylglycerol (e.g. the m/z 551 in DP-NRPE) should appear at different mass numbers depending on the fatty acid composition. The CID of the DP-A2-PE m/z 1223 peak showed a single peak at m/z 672.8 stemming from the charged phosphoryl-A2E moiety of DP-A2-PE (Fig. 3B) . Detection of the permanent positive charge of the quaternary nitrogen of A2-PE by positive ionization was definitive in terms of the identification of A2-PE.
Detection of Egg-NRPE and Egg-A2-PE-To examine the formation of A2-PE from a more complex starting material, all-trans-retinal was incubated with egg-PE. The first few hours of reaction gave rise to a series of HPLC peaks with retention times ranging from 13.0 to 16.0 min when monitored at 451 nm. The UV spectra were similar to the reference DP-NRPE (not shown). During the following 2 days, the shape of the HPLC profile did not change appreciably (Fig. 4A ), but the absorbance at 340 nm of these peaks in UV spectra increased gradually indicating formation of A2-PE (not shown).
The formation of NRPE and A2-PE from the reaction of egg-PE and retinal was confirmed by ESI-MS (Fig. 5) . As in the case of DP-A2-PE (Fig. 2B) , the ESI-MS of a 3-day reaction mixture showed peaks in the range of PE (m/z 690 -820), Schiff base (m/z 980 -1100), and A2-PE (m/z 1200 -1300), where the range in mass reflects the various fatty acid composition (Fig. 5) .
Identification of ROS-PE-retinal Schiff Base and ROS-A2-PE-
To investigate the formation of A2-PE within ROS, we also analyzed reaction mixtures of retinal and ROS. Variations in pH and temperature showed incubation at neutral pH and 37°C to be optimal for A2-PE formation. As shown in Fig. 4B , A2-PE generated from the 3-day reaction mixture of ROS and retinal was a complex mixture; however, the UV spectra of the individual HPLC peaks was similar to A2-PE resulting from the DP-PE/retinal and egg-PE/retinal reaction mixture.
FIG. 1. Biogenesis of A2E.
In the photoreceptor outer segment disc membrane PE 1 reacts with 1 mol of retinal, which is released from rhodopsin during visual pigment bleaching, to form N-retinylidene PE Schiff base (NRPE 2). The latter then reacts with an additional mole of retinal to produce A2-PE 3. Subsequently, A2E 4 is generated by enzymatic hydrolysis of A2-PE and accumulates in RPE cells.
FIG. 2. UV and ESI-MS of DP-NRPE and DP-A2-PE.
A, UV spectra of DP-NRPE and DP-A2-PE in acetonitrile containing 0.1% trifluoroacetic acid. B, ESI-MS of DP-PE/retinal reaction mixture. DP-PE, DP-NRPE, and DP-A2-PE peaks are at m/z 692. 4 The FAB-MS of control ROS samples (without incubation in retinal) showed peaks at m/z 1022 and 1048 (Fig. 6A) . The absence of the phosphoryl m/z 408 peak in the FAB-CID spectra (not shown) indicated that these two peaks originated from the biological tissue and were unrelated to the A2E pigment. The FAB-MS of ROS-PE/retinal 3-day reaction mixture showed the expected groups of signals at m/z 730 -840, 1000 -1100, and 1280 -1350 (Fig. 6B) . The A2-PE region of the ROS-retinal sample consisted of a complex cluster of peaks (Fig. 6C) 5 . ESI-MS of egg-PE/retinal reaction mixture. The peaks were correspondent to protonated PE, protonated NRPE, and A2-PE, respectively. Each species generated a series of peaks reflecting fatty acids of different chain length. As shown in the inset, each peak also consisted of multiple peaks attributable to differences in fatty acid unsaturation. For each species, the peaks denoted by one to four asterisks, e.g. m/z 692.8, 718.7, 744.8, and 768.7 in the PE region represent fatty acid moieties differing in units of two carbon atoms. For NRPE and A2-PE, the clusters of four peaks (asterisks) start at m/z 958.4 and 1223.2, respectively.
FIG. 3. CID MS of DP-NRPE and DP-A2-PE.
A, DP-NRPE produced two ions at m/z 408.2 and 551.4. B, DP-A2-PE exhibited one product ion at m/z 672.8, representing the phosphoryl A2E fragment in A2-PE.
FIG. 4. A2-PE detection by HPLC.
A, egg-PE, reaction mixture of egg-PE and retinal. B, ROS, reaction mixture of rod outer segments with retinal. C, RCS, chloroform extract of RCS rat retinas. The UV of the HPLC peaks depicted in A-C were similar to that of reference DP-A2-PE.
ing the major constituents of ROS (the theoretical isotope peak profile for C 85 H 128 NO 8 P is depicted in the theoretical inset of Fig. 6C ). However, the PE peaks themselves at m/z 764 and 792 were not clearly observed because they were overlaid by other peaks such as phosphatidylcholine. The CID spectra of the m/z 1295 and 1323 peaks showed intense product ion at m/z 673 thus corroborating the existence of the phosphoryl-A2E group in A2-PE (Fig. 6D) .
Because of the overlap with peaks of tissue origin, the peaks in the Schiff base region around m/z 1000 -1100 were not conspicuous. However, m/z 1029.9 and 1057.8 (Fig. 6B, inset) were shown to be NRPE Schiff base peaks and to be precursors of the A2-PE peaks at m/z 1294.8 and 1322.8, as supported by the m/z 408 peak in the CID-MS (not shown).
Detection of NRPE and A2-PE in Rat Retinal
Tissues-To provide additional evidence for the formation of A2-PE within photoreceptor outer segments, we also examined samples of RCS rat retina. Since in this blind strain of rat, the RPE cells fail to phagocytose shed outer segment membrane, resulting in the accumulation of the latter as an orange-colored autofluorescence debris (1, 15, 16) . We were interested in the possibility that A2-PE may be forming within the discarded membrane. Extracts of RCS rat retinas exhibited HPLC peaks between 12.0 and 17.0 min (Fig. 4C) , with each peak having an UV that was similar to other reaction mixtures containing A2-PE (not shown). On the other hand, retinas or RPE from normal rat eyes showed no clear HPLC peak eluting around 15 min. The A2-PE signals detected by MS (Fig. 7A) were identical with those of ROS/retinal reaction mixtures (Fig. 6C) , thus confirming the existence of A2-PE. In contrast, the retina of normal rats (Fig. 7B) and the RPE samples from normal and RCS rats showed no MS peaks corresponding to A2-PE (Fig. 7C) .
Hydrolysis of A2-PE-After incubating the reference DP-A2-PE and ROS-A2-PE with phospholipase D for 2.5 h at 37°C, a sharp peak in the HPLC profile at 18 min was identified as A2E by its UV ( max 335 and 430 nm) and by co-injection with synthetic A2E (Fig. 8) . This observation indicates that A2-PE is the precursor of A2E biosynthesis, with A2E being generated from A2-PE by enzymatic hydrolysis.
DISCUSSION
In work aimed at elucidating the biosynthetic steps involved in A2E formation, we have demonstrated that reactions of all-trans-retinal with synthetic and natural PE lead to the formation of both a PE-all-trans-retinal Schiff base adduct, NRPE, and a phosphatidylpyridinium bisretinoid, A2-PE as intermediates in the biogenesis of A2E. We have confirmed the structure of NRPE and A2-PE by electrospray ionization and fast atom bombardment tandem mass spectrometry with collision-induced dissociation analysis. The procedure for biomimetic synthesis of A2-PE is presented, as are the conditions for its detection by HPLC. We have also succeeded in detecting A2-PE formation in bovine ROS incubated with an excess of all-trans-retinal, and we have confirmed that A2-PE is the likely precursor to A2E since the latter is generated by phospholipase D-mediated hydrolysis of A2-PE. A2-PE, but not A2E, was also present in RCS rat retinas, samples of which included the degenerating photoreceptor outer segment debris. Conversely, A2-PE was not detectable in samples of RPE from normal and RCS rats. Taken together, these findings indicate that A2-PE is formed in the photoreceptor outer segment membrane before phagocytosis of fragments of this membrane by the RPE cell.
Due to the variable numbers of carbon atoms (C-14 to C-22) 
FIG. 6. FAB and FAB-CID MS of ROS samples. A, FAB-MS of ROS alone before 3 days incubation (ROS alone after 3 days incubation exhibited similar FAB-MS). B, FAB-MS of ROS
FIG. 7. ESI-MS of rat eye extracts. A, retinas from RCS rat (inset is FAB-MS of RCS-A2-PE)
. B, retinas from normal rat. C, RPE from normal and RCS rats. The A2-PE peaks were only observed in degenerating retinas of RCS rats. The outer segment debris that is contained within these samples is autofluorescent. A2-PE was not detected in normal rat retinas.
and double bonds (0 -6) in the fatty acids that comprise the cell membrane phospholipids, the PE, NRPE, and A2-PE detected in retinal tissues have a complex composition. Accordingly a group of A2-PE peaks was observed in HPLC profiles generated from the reaction mixtures of egg PE/retinal, ROS/retinal, and from extracts of RCS rat retinas (Fig. 4) . Since under the conditions employed in the current studies, the retention times of the HPLC peaks of NRPE and A2-PE are close to each other, the NRPE and A2-PE peaks overlapped. The presence of A2-PE in the HPLC profile was therefore based on the UV absorbance at 340 nm and corroborated by ESI-MS, and, more importantly, FAB-CID tandem MS.
By ESI-MS, the NRPE and A2-PE peaks derived from the egg-PE-retinal reaction product (Fig. 5) , the Schiff base, and A2-PE peaks could be readily recognized, but the spectra of samples from eye tissues were far more complex. The lipid composition of photoreceptor cells is 40% phosphatidylcholine, 40% PE, 10% phosphatidylserine, and 10% other phospholipids (9, 17) . Thus the peaks in the PE region of MS not only consist of PE but also of phosphatidylcholine and other lipids. It is also known that docosahexaenoic acid (22:6), which comprises 32% of total fatty acids in ROS PE, is linked almost exclusively to the ␤ position of the glycerol moiety in ROS phospholipids, whereas the ␥ position is predominantly occupied by saturated fatty acids. Since the two major saturated fatty acids, palmitic acid and stearic acid, comprise 10 and 22%, respectively, of the total fatty acids in ROS PE, it was possible to predict the m/z of the two major protonated NRPE and ROS-A2-PE. The experimental results were consistent with this prediction since [M ϩ H] ϩ Schiff base peaks at m/z 1030 and 1057 (Fig. 6B, 
inset), and [M]
ϩ A2-PE peaks at m/z 1295 and 1323 were observed (Fig. 6C) . Since the various MS peaks in the A2-PE region produced the same product ion at m/z 673 in CID-MS arising from the phosphoryl-A2E moiety of A2-PE (Fig. 6D) , it could be concluded that these peaks are indeed A2-PE. Moreover, the analysis of the ROS/retinal reaction mixture by CID-MS revealed the presence of retinal-originating moiety at m/z 408 (not shown), thus confirming that NRPE forms as an intermediate of the production of A2E. We detected NRPE in the ROS/retinal reaction mixture. Nevertheless, under the present experimental conditions, the NRPE-attributable peaks at m/z 1030 and 1057 by FAB-MS were not observed in control ROS samples not incubated with retinal (Fig. 6A ), neither were peaks corresponding to NRPE observed by HPLC. The detectability of NRPE is clearly influenced, however, by the tendency of the Schiff base to undergo spontaneous hydrolysis.
The RCS is a blind strain of rat in which the ability of RPE cells to internalize packets of outer segment membrane is severely impaired. Consequently, the outer segment membrane shed by the photoreceptor cells accumulates at the photoreceptor-RPE interface as an orange-colored autofluorescent debris (1, 15, 16) . The build up of this material ultimately leads to photoreceptor cell degeneration (18) . Previous work by Katz and co-workers (1, 16) revealed that a fluorophore isolated from the degenerating retinas of RCS rats exhibited a mobility on TLC that was distinct from A2E and that chromatographed to the same position as the product generated when DP-PE was reacted with all-trans-retinal. The experiments reported here not only support this observation, they also establish this fluorophore as the phosphatidylpyridinium bisretinoid, A2-PE. The presence of A2-PE within degenerating retinas obtained from RCS rats indicates that A2-PE can be generated within the photoreceptor outer segment membrane before phagocytosis by the RPE cell. Moreover, our finding that A2-PE formation is favored at neutral pH, together with the detection of all-trans-retinol, but not all-trans-retinal, within RPE cell extracts (4), is consistent with the biogenesis of this precursor occurring within the disc membrane of photoreceptors, rather than the acidic environment of RPE cell lysosomes (7.8) . It is also of interest in this regard that in antioxidant-deficit rats, the accumulation of excessive lipofuscin in RPE cells was accompanied by deposits of fluorescent pigment in photoreceptor cells (19) . Similarly, autofluorescent lipofuscin-like material has been described within the photoreceptor cell membrane in patients with Stargardt's disease and retinitis pigmentosa, retinal degenerative disorders that are characterized by augmented lipofuscin in the RPE (20 -22) . Although the site where A2E is generated by hydrolysis of A2-PE is not known definitively, it could be argued that our inability to detect A2E in the samples of RCS retina indicates that enzymatic cleavage does not occur until after phagocytosis of the outer segment membrane by the RPE. On the other hand, since phospholipase D activity has also been detected in photoreceptor outer segments isolated from bovine eyes (23), we are undertaking additional experiments to clarify this issue.
A PE-all-trans-retinal Schiff base adduct is suggested to be the substrate transported by the rod photoreceptor-specific ABC transporter (ABCR) (11) . This hypothesis is based on the observation that the ATPase activity of ABCR is stimulated by all-trans-retinal but only when the latter protein is reconstituted in the presence of PE (11) . These findings have led the investigators to propose that ABCR serves to flip this PE-alltrans-retinal Schiff base adduct from the intradiscal to the cytosolic face of the outer segment disc membrane thereby facilitating reduction of all-trans-retinal by all-trans-retinol dehydrogenase and restricting the accumulation of all-transretinal and its adducts within the disc membrane (11, 24) . Stargardt's disease, a macular degeneration of early onset, is known to be caused by compound heterozygous or homozygous mutations in ABCR (12) . In addition, a subset of patients with non-exudative age-related macular degeneration (AMD) has been shown to have heterozygous mutations in ABCR (25) . Based on existing models that invoke ABCR-mediated transport of a PE-all-trans-retinal Schiff base adduct as a mechanism for removing all-trans-retinal from the disc interior (11, 24) , we would anticipate that the by-product of reduced ABCR transport in both Stargardt and AMD patients may be an accumulation of all-trans-retinal and PE-all-trans-retinal Schiff base (NRPE) adducts at the luminal face of the disc membrane, with A2-PE being formed from the reaction between the PE-all-trans-retinal Schiff base adduct and a second molecule of all-trans-retinal. Moreover, the accelerated production of A2-PE would lead to an enhanced accumulation of A2E within the RPE cells. The latter assertion is supported by the observation of a pronounced accumulation of A2E within the RPE of ABCR null mutant mice (24) and with observations of increased RPE cell lipofuscin in both AMD (26, 27) and Stargardt's disease (22, 28) . Importantly, we now also know that the consequences of A2E accumulation are not necessarily benign. Thus in a cell culture model, we have demonstrated that RPE cells that amass A2E exhibit a loss of membrane integrity that is attributable to the detergent-like properties of this amphiphilic compound (5) . The accumulation of A2E by the cultured RPE cells also confers a sensitivity to blue light damage that is proportional to the A2E-loading concentration and that is not manifest by cells devoid of A2E (6) . Such studies may be relevant to our understanding of the RPE cell degeneration that is the hallmark of the geographic atrophy observed in AMD (29) .
For many individuals, A2E is slowly amassed over a lifetime, probably because of a limited availability of all-trans-retinal in the outer segment membrane. However, in addition to dysfunction of the ABCR transporter, there could be other factors contributing to an increased accessibility of all-trans-retinal within the outer segment membrane. For instance, at high levels of illumination, the generation of all-trans-retinal may surpass its reduction by retinol dehydrogenase (30) . Alternatively, an insufficient supply of NADPH, such as could occur with oxidative stress, could also lead to an increase in the availability of all-trans-retinal in the outer segment membrane. We anticipate that conditions such as these might expedite the formation of A2-PE within the outer segment membrane and facilitate the accumulation of A2E within the RPE cell.
